ABSTRACT We developed new integrated pest management programs for eastern U.S. peaches with minimal use of organophosphates. From 2002Ð2005, we assessed the ecological impacts of these reduced-risk programs versus grower standard conventional programs that still relied primarily on the use of organophosphorous and carbamate insecticides. Using a split-plot design replicated at four commercial Pennsylvania peach orchards, we quantiÞed pesticide rates, environmental impact, and arthropod community response. We used Environmental Impact Quotient (EIQ) analysis based on the growersÕ pesticide records from each orchard to calculate seasonal cumulative EIQ Þeld ratings for all years. Ecological effects of the reduced-risk and conventional program were also measured as the abundance and diversity of nontarget arthropod predators, parasitoids, and selected pest taxa. Pesticide inputs and EIQ values were substantially lower in reduced-risk programs compared with conventional spray programs. Arthropod arrays differed signiÞcantly between pest management programs: most beneÞcial predator and parasitoid taxa were positively associated with the reduced-risk program and negatively associated with the standard grower program. Regardless of the pest management program, we observed signiÞcant differences in species arrays in the peach tree canopy compared with the ground cover of the orchards, but the arthropod community did not differ among the Þeld sites or based on distance from the edge of the orchard. We conclude that reduced-risk programs not only provide control comparable with that of conventional programs, but they also reduce negative environmental effects while conserving key arthropod biological control agents within eastern U.S. peach orchards.
The U.S. Food Quality Protection Act (FQPA) shifted the U.S. Environmental Protection AgencyÕs (EPA) regulatory focus from a riskÐ beneÞt analysis to one driven by risk alone (Whalon et al. 1999 , Jones et al. 2010 . The FQPA required the EPA to reregister all pesticides within 10 yr and increase safety margins for pesticides used on food crops such as fruit. Organophosphate insecticides were the Þrst to be reviewed for various issues including environmental contamination, farmÐworker safety, residues in food commodities, and effects on nontarget species (Weisenburger 1993 , Desneux et al. 2007 ). As a result many have been or are in the process of being removed from the market; use of the remainder has been greatly restricted by increased preharvest spray intervals, orchard reentry intervals after spraying, and increased use of personal protection equipment (Jones et al. 2009 (Jones et al. , 2010 .
Organophosphorous and carbamate insecticides had been an important and highly effective part of apple and peach arthropod pest management programs for Ͼ45 yr (Jones et al. 2010) . The development of organophosphate resistance by some key beneÞcial predators and parasitoids (Croft 1990) led to a hybrid management program in which direct pests were controlled by pesticides, and secondary pests (such as mites and aphids that did not injure the fruit) were controlled by conservation of biological control agents (Jones et al. 2010) . In anticipations of the loss of organophosphates, eastern tree fruit entomologists from seven states developed and evaluated alternative integrated pest management (IPM) programs for peach and apple based on the economics of reducedrisk pesticides and tactics that were considered to be effective, sustainable, and economically viable (Agnello et al. 2009 ). Agnello et al. (2009) described the general results of reduced-risk practices compared with the effects of conventional spray practices in 65 locations in 7 states from 2002 to 2005. Organophosphates accounted for Ϸ62Ð73% of the total active ingredients (A.I.) applied to the conventional peach orchards in their study. Elimination of organophosphates in the reduced-risk IPM peach programs led to a reduction of between 59 Ð79% A.I. Although the reduced-risk IPM programs were signiÞcantly higher in cost than the conventional programs based on use of organophosphates, peach protection levels were comparable and Environmental Impact Quotients (EIQs) were reduced by 77%.
Many researchers report that although many of the new pesticides can be considered "reduced-risk" to humans, this classiÞcation does not necessarily reßect their effect on biological control agents or nontarget arthropods. Although the most notable effects of organophosphates and carbamate insecticides on natural enemies is acute mortality, some of the newer insecticides have more subtle effects (Desneux et al. 2007 , Attia et al. 2013 . Sublethal effects may affect natural enemy reproduction and activity with important consequence for population growth (Biondi et al. 2012a,b; Saber and Abedi 2013) and biological control services (Bahlai et al. 2010 , He et al. 2012 , Planes et al. 2012 , Biondi et al. 2013 . Moreover, these effects may be underestimated because they affect beneÞcial life stages that are less frequently monitored such as eggs (Biddinger and Hull 1995 , Brunner et al. 2001 , Jones et al. 2009 , Tan et al. 2012 . The adoption of reduced-risk pest management programs have been shown to increase the beneÞcial arthropod fauna and biological control of the Oriental fruit moth, Grapholita molesta (Busck), in New Jersey peach orchards (Atanassov et al. 2003) and resulted in more effective and reliable biological mite control in Pennsylvania apple orchards ).
To determine whether similar increases in beneÞ-cial insect fauna could be found in Pennsylvania peach orchards under reduced-risk IPM management, we Þrst documented pesticide use, efÞcacy, and environmental impact of pesticides used in the reduced-risk and standard conventional pesticide programs. These results were previously reported as part of the multistate study by Agnello et al. (2009; see Pennsylvania result) and are summarized here. In addition, we simultaneously monitored the effects of the reducedrisk and standard programs on the nontarget arthropod community (parasitoids, predators, and some pest taxa) in commercial peach orchards in Pennsylvania over 3 yr. Our study provides a better understanding of how changes in pesticide use patterns associated with reduced-risk pest management programs in tree fruit may affect nontarget arthropods that provide important biological control services.
Materials and Methods
Study Orchards. Multiyear Þeld studies were done in the peach orchards of four commercial growers in Adams County, PA, from 2002 through 2004. We selected a single commercial peach orchard from each grower and established experimental blocks under the growersÕ standard conventional pesticide program and a reduced-risk program. We split orchards of the same age and variety in a side-by-side (paired) design that resulted in a total of eight different blocks of similar size. We also included one additional site under reduced-risk management that was adjacent to the other two treatments at one of the orchards; in this block, we used a slightly different pheromone disruption product. We thus used nine experimental blocks (Þve reduced-risk and four standard blocks) of similar size, age, and variety. The size of study orchard blocks ranged from 2 to 4 ha and tree age averaged from 4-to 8-yr-old.
Pest Management Programs. Individual growers or their private consultants determined pesticide programs in standard blocks; treatments relied extensively on organophosphorous insecticides and other pesticides standard at that time, including pheromone-mediated mating disruption for Sesiidae wood borers (hung in 56% of the blocks). At reduced-risk sites, orchards were monitored with pheromone traps and visual counts were made by the university investigator (D.J.B.). D.J.B. also served as pesticide consultant and made all of the arthropod management decisions for the growers based on site-speciÞc pest monitoring, weather data, local pest complexes, and market destination of the crop. In these blocks, various reduced-risk or organophosphate-replacement insecticides or acaricides (or both) donated to the project by various pesticide companies were provided without cost by the consultant and given to the growers to help ensure that recommendations were followed regardless of cost or availability of product from local distributors. In addition, mating disruption dispensers, also donated to the project by their manufacturers, were applied by the consultant when deemed necessary for the reduced-risk blocks. . Most of the insecticides or acaracides used by peach growers in the standard blocks consisted of organophosphate, carbamate, and pyrethroid insecticides, although some reduced-risk insecticides were used against pests such as the tufted apple bud moth, Platynota idaeusalis (Walker), that had developed resistance to organophosphorous insecticides (Knight et al. 1990 , Biddinger et al. 1996 .
Sampling of Arthropod Predators, Parasitoids, and Selected Pests. We sampled arthropods at all nine sites (Þve reduced-risk and four standard) six times from June through August over 3 yr (2002Ð2004) . At each site, we sampled 10 trees; separate samples were collected from the tree canopy and from the adjacent ground cover. This procedure resulted in 1,080 samples per year (9 sites ϫ 6 dates ϫ 10 trees ϫ 2 samples June 2014per tree). Arthropods were collected with an Echo Shred ÔNÕ Vac ES-210 (Echo Inc., Lake Zurich, IL) gas-powered handheld leaf blower that was reversed to the vacuum or shredding function to suction insects off the tree canopy or understory ground cover. The blower was further adapted to collect arthropods by insertion of a holding cup with a 50-mesh nylon screen bottom into the end of the vacuum tube. The periphery of each peach tree canopy was vacuumed for 1 min and then the ground cover vegetation immediately below the tree was separately vacuumed for 1 min.
For each vacuum sample, the screen cup was removed and arthropods were transferred to plastic bags for refrigerated transport to the laboratory for identiÞcation by the university investigator (D.J.B.). Among the arthropods collected, we recorded beneÞcial parasitoids and predators to family level, and two pest groups that were commonly collected with this method (stink bugs and tarnished plant bugs; see Table 1 for details on arthropod taxa).
EIQ Analysis. The relative environmental effects of reduced-risk and conventional insecticide programs of all study orchards were compared by EIQ analysis. We calculated seasonal cumulative EIQ Þeld ratings (Kovach et al. 1992) We used redundancy analysis (RDA; Canoco v.4.5, Microcomputer Power, Ithaca, NY; ter Braak and Š milauer 2002), a form of direct gradient analysis, to examine the effects of pest management tactics and environmental factors on the arthropod community found in the orchards. Arthropod data included a range of beneÞcial predator and parasitoid taxa, in addition to the two pest groups (Table 1) . Two RDAs were used to determine the signiÞcance of explanatory variables and to identify the arthropod groups that were associated with these variables. In the Þrst RDA, we examined whether arthropod arrays responded to pest management program and whether the community changed across years. In the second RDA, we examined community differences in a spatial context. The factors we considered were site location (i.e., grower), proximity to edge within a block (edge vs. interior), and vertical stratiÞcation (canopy vs. ground) within the orchards. Because "year" was a signiÞcant factor in the Þrst RDA, we included year as a covariate in the second RDA. SigniÞcance of explanatory variables was assessed by the Monte Carlo permutations (n ϭ 499) and stepwise forward selection. Biplots were generated (CanoDraw, Microcomputer Power; terBraak and Š milauer 2002) and used to examine associations among treatments, environmental variables, and arthropod taxa.
Results
Pesticide Use and EIQ. The amount of A.I. used for pest management needs in Pennsylvania peach orchards was signiÞcantly lower in reduced-risk compared with standard treatment in all years (2002: (Table 2) . Multivariate Analyses. An RDA revealed a signiÞ-cant effect of pest management tactics on arrays of invertebrate taxa (F ϭ 5.00; P ϭ 0.002). Nearly all beneÞcial taxa were positively associated with the reduced-risk treatment and negatively associated with conventional practices (Fig. 1) . Neither syrphid adults nor two pest groupsÑstink bugs and tarnished plant bugsÑwere strongly associated with either treatment. The arthropod community also varied across years ( Fig. 1) : Year 1 differed from Years 2 and 3 (F ϭ 5.84; P ϭ 0.016), and Year 2 differed from Year 3 (F ϭ 3.21; P ϭ 0.034).
Arthropod arrays were vertically stratiÞed as communities collected from the ground differed from those found in the canopy (F ϭ 5.14; P ϭ 0.004; Fig. 2 ). Most arthropod taxa were more closely associated with the ground cover; however, several taxa, including Tachinidae and Coccinellidae, were found more frequently in the canopy. Community arrays did not vary signiÞcantly among the Þve Þeld sites. However, one site ( Fig. 2 ; see "BH") was marginally signiÞcant 
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(F ϭ 3.36; P ϭ 0.06) and was more closely associated with the presence of syrphids and green lacewings. A subset of our samples (72%) was also recorded as interior or near the border of the orchards to investigate edge effects. No community-level edge effect was detected when an RDA was done with this subset of the data (F ϭ 0.37; P ϭ 0.84).
Discussion
Adoption of reduced-risk programs presents growers with certain trade-offs. Whereas reduced-risk programs provide pest control comparable with that of conventional programs, they signiÞcantly reduce concerns about human health and safety, but are more expensive to implement on average (Agnello et al. 2009 ). Reducing the number of pesticide applications can also lower greenhouse gas emissions associated with manufacturing, delivery, and application of pesticides (Heimpel et al. 2013) . To date, ecological considerationsÑspeciÞcally, effects on a wide range of nontarget beneÞcial arthropodsÑ have not been fully assessed in more realistic Þeld and long-term conditions. Here, we report that reduced-risk programs may provide additional ecological beneÞts by minimizing nontarget effects on arthropods known to provide important biological control services.
Our multiyear evaluation of arrays of predators and parasitoids in reduced-risk and conventional programs within Pennsylvania peach orchards showed that nearly all groups of these beneÞcial arthropods were positively associated with reduced-risk practices (Fig.  1) . Our conclusions are supported by similar studies in New Jersey (Atanassov et al. 2002 (Atanassov et al. , 2003 in which beneÞcial arthropod abundance was examined in the tree canopies of commercially managed orchards. In these orchards, organophosphate use was reduced by Ϸ50% under reduced-risk management as compared with adjacent conventionally managed orchards. Atanassov et al. (2003) also documented greater levels of biological control services in reduced-risk settings based on higher parasitism and predation rates of Oriental fruit moth (G. molesta) sentinel egg masses. Although Agnello et al. (2009) reported increased costs associated with reduced-risk programs compared with conventional approaches, the results of our study and Atanassov et al. (2003) suggest that additional studies are warranted to determine if increased biological control services in reduced-risk program may eventually narrow this gap over time. However, sublethal reproductive and developmental effects of some reduced-risk pesticides may also minimize or inhibit such increases in biological control services (Biddinger and Hull 1995 , Bahlai et al. 2010 , He et al. 2012 , Planes et al. 2012 , Biondi et al. 2013 .
Arthropod communities within agroecosystems are inevitably inßuenced by both local management practices and factors in the surrounding landscape (Marino and Landis 1996, Thies and Tscharntke 1999) . The extent to which local versus landscape factors shape these arrays is important to understand when IPM strategies are devised for any particular agroecosystem (Bianchi et al. 2006 , Gardiner et al. 2009 ). In some instances, the surrounding landscape may inßuence within-Þeld communities more so than Þeld-level practices, especially for organisms that can readily disperse among habitats or that require multiple habitats for feeding or stages of their life cycle (Purtauf et al. 2005) . For example, Watson et al. (2011) found that the abundance and richness of wild bees in Wisconsin apple orchards could be predicted by the area of forested landscape in the surrounding landscape at scales Ͼ1,000 m.
Conversely, our Þndings suggest that predators and parasitoids strongly responded to local pest management practices, but that differences among orchards throughout the landscape were not detected, or were minimal. Other studies in this region have also shown that the abundance of various nontarget natural enemy species in fruit trees may noticeably vary across pesticide treatments within the scale of an orchard (Hull et al. 2009a,b; Hull and Joshi 2011) . The fact that natural enemy communities were more inßuenced by pest management practices than site location in our study may be due to a combination of factors including the limited mobility of some taxa, strong associations among natural enemies and their hosts found primarily within orchards, or lack of sufÞcient variability in the landscape surrounding our study sites.
Fruit orchards contain a complex array of both pests and beneÞcial arthropods, making assessment of the ecological impact of any given pest management program difÞcult. Kovach et al. (1992) developed the EIQ to assist growers and pest management practitioners in making environmentally based decisions. Rather than measuring direct effects on the arthropod community (a very time-consuming and expensive process), they developed a ranking procedure based on 14 criteria so that pesticide users could select pesticides based upon an environmental risk index. Although the assumptions inherent in the EIQ have been subsequently criticized (Dushoff et al. 1994) , it is still widely used in the eastern United States by fruit and vegetable IPM practitioners to make comparisons among different pest management systems (Ioriatti et al. 2011) . EIQ values are being continually updated as new information becomes available and new pesticides are registered (Cornell Cooperative Extension, NY State IPM Program: http://www.nysipm.cornell.edu/publications/ EIQ/equation.asp#table2). Elimination of organophosphate, carbamate, and pyrethroid pesticide applications have greatly reduced the EIQ values for conventional apple and peach production (Agnello et al. 2009 ), although some fungicides and herbicides also have high EIQ values. However, one of the main ecological problems of EIQ is that the impact of a pesticide on nontarget arthropods is based mainly on the laboratory LC 50 s for the honey bee (Apis mellifera L.) and to a lesser extent on imprecise evaluations of the effects on general beneÞcial species.
IPM researchers have found that although many of the new pesticides that were developed in direct response to FQPA can be considered "reduced-risk" because of lower mammalian toxicity, this classiÞca-tion does not necessarily reßect their effect on natural enemies in fruit tree orchards (Biddinger and Hull 1995 , Brunner et al. 2001 , Hull et al. 2009c or nontarget beneÞcial arthropods such as native bees (Biddinger et al. 2013a,b) . The more subtle, often sublethal effects of some of these products on growth and reproduction are complicating our understanding of their effects different species of natural enemies and on our IPM programs. Long-term bioassays that incorporate multiple methods of exposure and use of life tables and population growth rates are often required to understand effects over multiple generations (Stark et al. 2007a,b) . Alternatives to short-term bioassays include Þeld studies such as ours and others that document changes in community composition and populations dynamics over time (Biddinger et al. 1994; Atanassov et al. 2003; Leslie et al. 2009 Leslie et al. , 2010 . Requiring these two types of studies on nontarget arthropods as part of the EPA registration process for new insecticides would reduce the instability in our fruit IPM systems as we change from one pesticide to another. We can move toward more ecologically based IPM systems that rely on truly selective pesticides that conserve biological control agents and promote stability and sustainability.
